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(57) ABSTRACT

A system and a method are provided. The method includes
deploying a plurality of antennas of an access point or a base
station as a distributed antenna system. The method further
includes configuring the distributed antenna system for
multi-user wireless transmissions by applying medium
access techniques and power-balanced pre-coding at the
access point or the base station. The method also includes
providing device localization for devices communicating
with the distributed antenna system by applying time-dif-
ference-of-arrival techniques to antenna pairs from among
the plurality of antennas at the access point or the base
station.
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FIG. 2
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/" 300
( START)

A 4

DEPLOY ANTENNAS OF AN AP/BS AS A DISTRIBUTED
ANTENNA SYSTEM WITH THE USE OF ONE OR MORE WIRED | 301
TRANSMISSION MEDIUMS.

<
%

Y

PROVISION SEPARATE CHANNEL ACCESS PARAMETERS
FOR EACH ANTENNA AT THE
AP/BS. EXECUTE THE MEDIUM ACCESS CONTROL
MECHANISM TO DETERMINE THE APPROPRIATE SET OF
ANTENNAS AND CLIENTS THAT NEED TO BE ACTIVATED AT
THE AP/BS.

v

FOR THE CHOSEN ANTENNAS, APPLY A POWER-BALANCED
PRE-CODING SCHEME FOR MU-MIMO AT THE SELECTED | 303
ANTENNAS OF THE AP/BS.

302

ANY MORE PACKETS TO BE TRANSMITTED?

LOCALIZE CLIENT DEVICES USING TIME DIFFERENT OF
ARRIVAL SIGNALS AT DIFFERENT ANTENNAS OF THE AP/BS.

FIG. 3



U.S. Patent Sep. 20, 2016 Sheet 4 of 5 US 9,450,654 B2

‘/‘ 302

ONCE AN ANTENNA AT AN AP/BS GAINS CHANNEL ACCESS,
THE AP/BS CHECKS THE CHANNEL ACCESS PARAMETERS
OF OTHER ANTENNAS AT THE AP/BS TO SEE IF MORE
ANTENNAS CAN BE OPPORTUNISTICALLY ADDED.

v

EACH OF THE CLIENT'S PACKETS IN THE QUEUES OF THE
AP/BS IS TAGGED BASED ON THE CLIENT'S PREFERRED | 302B
ANTENNAS FOR TRANSMISSION.

302A

A 4

FOR EACH OF THE AVAILABLE ANTENNAS, THE AP/BS
DETERMINES THE PACKET THAT NEEDS TO BE SCHEDULED [302C
BASED ON ITS TAG AND FAIRNESS PARAMETER.

END

FIG. 4
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‘/— 303
({ START )

A 4

BASED ON THE CHANNELS ESTIMATED BETWEEN THE
SELECTED ANTENNAS AND CLIENTS AT THE AP/BS, A 303A
MULTI-USED MIMI TRANSMISSION TECHNIQUE (ZERO-
FORCING BEAMFORMING) IS APPLIED TO COMPUTE THE
PRE-CODING MATRIX.

v

EACH OF THE COLUMNS OF THE PRE-CODING MATRIX IS
NORMALIZED TO APPLY EQUAL POWER TO EACH OF THE |[303B
CLIENT DATA STREAMS.

di
<%

h 4

PICK THE ROW THAT VIOLATES THE PER-ANTENNA POWER
CONSTRAINT BY THE LARGEST AMOUNT. DETERMINE THE |303C
APPROPRIATE SCALING WEIGHT FOR EACH ELEMENT IN
THIS ROW THROUGH REVERSE WATER-FILLING TO
CORRECT THE VIOLATION.

Y

APPLY THE SCALING WEIGHT COMPUTED FOR EACH
ELEMENT OF THE ROW TO THE ENTIRE COLUMN 303D
CORRESPONDING TO THAT STREAM.

303E
ALL

ROWS SATISFY PER-ANTENNA POWER
CONSTRAINT?

FIG. 5



US 9,450,654 B2

1
MULTI-USER MULTIPLE INPUT MULTIPLE
OUTPUT (MIMO) COMMUNICATION WITH
DISTRIBUTED ANTENNA SYSTEMS IN
WIRELESS NETWORKS

RELATED APPLICATION INFORMATION

This application claims priority to provisional application
Ser. No. 61/856,604 filed on Jul. 19, 2013, incorporated
herein by reference. This application also claims priority to
provisional application Ser. No. 61/949,418 filed on Mar. 7,
2014, incorporated herein by reference.

BACKGROUND

1. Technical Field

The present invention relates to signal processing, and
more particularly to multi-user multiple input multiple out-
put (MU-MIMO) communication with distributed antenna
systems in wireless networks.

2. Description of the Related Art

Next generation wireless networks (WiFi 802.11ac, LTE)
are adopting sophisticated wireless transmission strategies
like multi-user MIMO (MU-MIMO) for increase spectral
efficiency. However, the access points (APs) and base sta-
tions (BSs) are deployed with all their antennas co-located.
While such co-located antenna systems (CAS) are good for
single user communication, they are highly in-efficient for
multi-user communications like MU-MIMO and signifi-
cantly limit the performance of the latter.

Current solutions attempt to improve the transmission
strategy while still retaining the CAS model of antenna
deployment at the APs/BSs. Hence, the improvement to
MU-MIMO schemes is limited. Further, they do not account
for the per-antenna power constraint required for a practical
implementation of MU-MIMO transmission schemes.

SUMMARY

These and other drawbacks and disadvantages of the prior
art are addressed by the present principles, which are
directed to multi-user multiple input multiple output (MU-
MIMO) communication with distributed antenna systems in
wireless networks.

According to an aspect of the present principles, a method
is provided. The method includes deploying a plurality of
antennas of an access point or a base station as a distributed
antenna system. The method further includes configuring the
distributed antenna system for multi-user wireless transmis-
sions by applying medium access techniques and power-
balanced pre-coding at the access point or the base station.
The method also includes providing device localization for
devices communicating with the distributed antenna system
by applying time-difference-of-arrival techniques to antenna
pairs from among the plurality of antennas at the access
point or the base station.

According to another aspect of the present principles, a
system is provided. The system includes an access point or
a base station. The access point or base station includes a
plurality of antennas deployed as a distributed antenna
system. The access point or base station further includes a
pre-coder for performing power-balanced pre-coding. The
access point or base station also includes a device localizer
for providing device localization for devices communicating
with the distributed antenna system by applying time-dif-
ference-of-arrival techniques to antenna pairs from among
the plurality of antennas. The plurality of antennas are
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configured for multi-user wireless transmissions by applying
medium access techniques and the power-balanced pre-
coding.

These and other features and advantages will become
apparent from the following detailed description of illustra-
tive embodiments thereof, which is to be read in connection
with the accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

The disclosure will provide details in the following
description of preferred embodiments with reference to the
following figures wherein:

FIG. 1 is a block diagram illustrating an exemplary
processing system 100 to which the present principles may
be applied, according to an embodiment of the present
principles;

FIG. 2 shows an exemplary system 200 for multi-user
multiple input multiple output (MU-MIMO) communication
with a distributed antenna system in a wireless network, in
accordance with an embodiment of the present principles;

FIG. 3 shows an exemplary method 300 for multi-user
multiple input multiple output (MU-MIMO) communication
with distributed antenna systems in wireless networks,
according to an embodiment of the present principles;

FIG. 4 further shows step 302 of method 300 of FIG. 3,
according to an embodiment of the present principles; and

FIG. 5 further shows step 303 of method 300 of FIG. 3,
according to an embodiment of the present principles.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Referring now in detail to the figures in which like
numerals represent the same or similar elements and initially
to FIG. 1, a block diagram illustrating an exemplary pro-
cessing system 100 to which the present principles may be
applied, according to an embodiment of the present prin-
ciples, is shown. The processing system 100 includes at least
one processor (CPU) 104 operatively coupled to other
components via a system bus 102. A cache 106, a Read Only
Memory (ROM) 108, a Random Access Memory (RAM)
110, an input/output (I/0) adapter 120, a sound adapter 130,
a network adapter 140, a user interface adapter 150, and a
display adapter 160, are operatively coupled to the system
bus 102.

A first storage device 122 and a second storage device 124
are operatively coupled to system bus 102 by the I/O adapter
120. The storage devices 122 and 124 can be any of a disk
storage device (e.g., a magnetic or optical disk storage
device), a solid state magnetic device, and so forth. The
storage devices 122 and 124 can be the same type of storage
device or different types of storage devices.

A speaker 132 is operative coupled to system bus 102 by
the sound adapter 130. A transceiver 142 is operatively
coupled to system bus 102 by network adapter 140. A
display device 162 is operatively coupled to system bus 102
by display adapter 160.

A first user input device 152, a second user input device
154, and a third user input device 156 are operatively
coupled to system bus 102 by user interface adapter 150. The
user input devices 152, 154, and 156 can be any of a
keyboard, a mouse, a keypad, an image capture device, a
motion sensing device, a microphone, a device incorporating
the functionality of at least two of the preceding devices, and
so forth. Of course, other types of input devices can also be
used, while maintaining the spirit of the present principles.
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The user input devices 152, 154, and 156 can be the same
type of user input device or different types of user input
devices. The user input devices 152, 154, and 156 are used
to input and output information to and from system 100.

Of course, the processing system 100 may also include
other elements (not shown), as readily contemplated by one
of skill in the art, as well as omit certain elements. For
example, various other input devices and/or output devices
can be included in processing system 100, depending upon
the particular implementation of the same, as readily under-
stood by one of ordinary skill in the art. For example,
various types of wireless and/or wired input and/or output
devices can be used. Moreover, additional processors, con-
trollers, memories, and so forth, in various configurations
can also be utilized as readily appreciated by one of ordinary
skill in the art. These and other variations of the processing
system 100 are readily contemplated by one of ordinary skill
in the art given the teachings of the present principles
provided herein.

Moreover, it is to be appreciated that system 200
described below with respect to FIG. 2 is a system for
implementing respective embodiments of the present prin-
ciples. Part or all of processing system 100 may be imple-
mented in one or more of the elements of system 200.

Further, it is to be appreciated that processing system 100
may perform at least part of the method described herein
including, for example, at least part of method 300 of FIG.
3. Similarly, part or all of system 200 may be used to
perform at least part of method 300 of FIG. 3.

FIG. 2 shows an exemplary system 200 for multi-user
multiple input multiple output (MU-MIMO) communication
with a distributed antenna system in a wireless network, in
accordance with an embodiment of the present principles.
System 200 includes an access point 210 having a set of
antennas 220 configured/deployed as a distributed antenna
system. The antennas 220 interface with a set of clients 230.
The access point includes a pre-coder 231, a device localizer
232, an opportunistic antenna adder 233, a packet tagger
234, and a packet scheduler 235.

The pre-coder 231 performs power-balanced pre-coding.
The device localizer 232 provides device localization for
devices communicating with the distributed antenna system
by applying time-difference-of-arrival techniques to antenna
pairs from among the set of antennas. The set of antennas
220 is configured for multi-user wireless transmissions by
applying medium access techniques and the power-balanced
pre-coding. The opportunistic antenna adder 233 opportu-
nistically adds antennas to a wireless transmission. The
packet tagger 234 tags packets for the wireless transmission
to indicate transfer using a subset of preferred antennas from
among the set of antennas. The packet scheduler 235 sched-
ules packets for wireless transmission. Scheduling can be
performed responsive to, for example, but not limited to, a
fairness parameter.

The present principles employ a distributed antenna sys-
tem (DAS) model to deploy the antennas of an AP/BS. The
AP/BS’s antennas are distributed around the location of the
AP, separated by several meters/feet with the help of a wired
transmission medium such as radio frequency (RF) exten-
sion cables, optical fibers, and so forth. In an embodiment,
the present principles include a new wireless transmission
technique and medium access control mechanism that
enables multi-user transmissions (MU-MIMO) over the
DAS deployment of the APs/BSs, thereby resulting in a
multiple input distributed antenna system (MIDAS). The
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latter significantly improves the performance of multi-user
transmissions and also enables accurate indoor localization
of client devices.

It is to be appreciated that one significant difference the
present principles provide is the introduction of MIDAS
(multiple-input distributed antenna systems) compared to
prior art single input DAS and multiple input co-located
antenna systems, as well as the benefits MIDAS bring to
both multi-user communications and device localization.

A competitive value of the present principles involves
taking existing wireless technologies that support multi-user
transmission over CAS systems and turning them into
multiple input DAS systems, along with improved transmis-
sion and medium access mechanisms to leverage the benefits
of the DAS deployment for multi-user transmissions. The
result is that the performance of multi-user transmissions
and network capacity is significantly improved with the help
of light-weight, low complexity solutions without additional
expenses in infrastructure deployment. It also enables accu-
rate indoor localization of client devices.

FIG. 3 shows an exemplary method 300 for multi-user
multiple input multiple output (MU-MIMO) communication
with distributed antenna systems in wireless networks,
according to an embodiment of the present principles. Ini-
tially, the method 300 proceeds to both step 301 and step
305, with step 301 thereafter continuing onto step 302.

At step 301, deploy the antennas of an AP/BS as a
distributed antenna system with the use of one or more wired
transmission mediums including, but not limited to, radio
frequency (RF) extension cables, optical fibers, coaxial
cables, and so forth.

At step 302, provision separate channel access parameters
for each antenna at the AP/BS. Execute a medium access
control mechanism to determine the appropriate set of
antennas and clients that need to be activated at the AP/BS.

At step 303, for the chosen clients antennas, apply a
power-balanced pre-coding scheme for MU-MIMO at the
selected antennas of the AP/BS.

At step 304, determine whether there are any more
packets to be transmitted at the AP/BS. If so, return to step
302. Otherwise, the method is terminated.

At step 305, localize client devices using time difference
of arrival of signals at different antennas of the AP/BS. In an
embodiment, step 305 can involve using multiple pairs of
antennas at the AP/BS to increase the accuracy of device
localization.

FIG. 4 further shows step 302 of method 300 of FIG. 3,
according to an embodiment of the present principles.

At step 302A, once an antenna at an AP/BS gains channel
access, the AP/BS checks the channel access parameters
(e.g., network allocation vectors in WiFi) of other antennas
at the AP/BS to see if more antennas can be opportunistically
added to the wireless transmission.

At step 302B, each of the client’s packets in the AP/BS’s
queues is tagged based on the client’s preferred antennas
(one or more in number) for transmission. In an embodi-
ment, preferred antennas for a client could be chosen based
on, for example, but not limited to, signal strength and/or
some other metric(s).

At step 302C, for each available antenna (e.g., n anten-
nas), the AP/BS determines the packet (client) that needs to
be scheduled based on both its tag and fairness parameter. In
an embodiment, the antennas are considered in order of their
channel access parameters (e.g., WiFi NAV timer expiry)
and a different client is chosen by each antenna.

FIG. 5 further shows step 303 of method 300 of FIG. 3,
according to an embodiment of the present principles.
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At step 303A, based on the channels estimated between
the selected antennas and clients at the AP/BS, a multi-user
MIMO transmission technique called zero-forcing beam-
forming is applied to compute the pre-coding matrix V. In an
embodiment, the latter can be used to encode the data signals
that are transmitted from the selected antennas jointly to the
clients so as to remove their mutual interference.

At step 303B, each of the columns of the pre-coding
matrix V is normalized to apply equal power to each of the
client data streams.

At step 303C, pick the row (AP antenna, k) that violates
the per-antenna power constraint by the largest amount.
Determine the appropriate scaling weight (w,) for each
element (client) in this row through reverse water-filling to
correct the violation.

In an embodiment, step 303C can further include the
following. The scaling weights are determined as

1 1
wi= [— ——,
! /IV/%j Pj

where v,; is the element in the k-th row and j-th column of
the pre-coding matrix V, A is the common power level
required to overcome the violation and restore the per-
antenna power constraint and is determined through opti-
mization, and p, is the SNR of the j-th stream (client). In an
embodiment, both A and w; are obtained simultaneously
from formulating the reverse water filling problem math-
ematically.

At step 303D, apply the scaling weight (w;) computed for
each element (v;) of this row (k) to the entire column
corresponding to that stream (i.e., v,—wv,, for all k, j).

At step 303E, determine whether or not all rows satisfy
the per-antenna constraint. If so, then the result is power-
balanced pre-coding at the AP/BS, and the method returns to
step 303C. Otherwise, the method proceeds to step 304.

Embodiments described herein may be entirely hardware,
entirely software or including both hardware and software
elements. In a preferred embodiment, the present invention
is implemented in software, which includes but is not limited
to firmware, resident software, microcode, etc.

Embodiments may include a computer program product
accessible from a computer-usable or computer-readable
medium providing program code for use by or in connection
with a computer or any instruction execution system. A
computer-usable or computer readable medium may include
any apparatus that stores, communicates, propagates, or
transports the program for use by or in connection with the
instruction execution system, apparatus, or device. The
medium can be magnetic, optical, electronic, electromag-
netic, infrared, or semiconductor system (or apparatus or
device) or a propagation medium. The medium may include
a computer-readable medium such as a semiconductor or
solid state memory, magnetic tape, a removable computer
diskette, a random access memory (RAM), a read-only
memory (ROM), a rigid magnetic disk and an optical disk,
etc.

It is to be appreciated that the use of any of the following
“/”, “and/or”, and “at least one of”, for example, in the cases
of “A/B”, “A and/or B” and “at least one of A and B”, is
intended to encompass the selection of the first listed option
(A) only, or the selection of the second listed option (B)
only, or the selection of both options (A and B). As a further
example, in the cases of “A, B, and/or C” and “at least one
of A, B, and C”, such phrasing is intended to encompass the
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selection of the first listed option (A) only, or the selection
of the second listed option (B) only, or the selection of the
third listed option (C) only, or the selection of the first and
the second listed options (A and B) only, or the selection of
the first and third listed options (A and C) only, or the
selection of the second and third listed options (B and C)
only, or the selection of all three options (A and B and C).
This may be extended, as readily apparent by one of
ordinary skill in this and related arts, for as many items
listed.
The foregoing is to be understood as being in every
respect illustrative and exemplary, but not restrictive, and
the scope of the invention disclosed herein is not to be
determined from the Detailed Description, but rather from
the claims as interpreted according to the full breadth
permitted by the patent laws. Additional information is
provided in an appendix to the application entitled, “Addi-
tional Information”. It is to be understood that the embodi-
ments shown and described herein are only illustrative of the
principles of the present invention and that those skilled in
the art may implement various modifications without depart-
ing from the scope and spirit of the invention. Those skilled
in the art could implement various other feature combina-
tions without departing from the scope and spirit of the
invention.
What is claimed is:
1. A method, comprising:
deploying a plurality of antennas of an access point (AP)
or a base station (BS) as a distributed antenna system;

provisioning separate channel access parameters for each
of the plurality of antennas at the AP or BS;

configuring the distributed antenna system for multi-user
wireless transmissions by applying medium access
techniques and power-balanced pre-coding at the
access point or the base station to determine an appro-
priate set of antennas and clients to be activated at the
AP or BS, wherein the pre-coding comprises:

computing a pre-coding matrix for a wireless transmission
of a plurality of client packets, the precoding matrix
including a plurality of columns and a plurality of rows,
selecting a given row, from among the plurality of
rows, violating a per-antenna power constraint by a
largest amount, and

determining a scaling weight for each element in the

given row using a reverse water-filling technique to
correct the violation; and

tagging each of a client’s packets in AP or BS queues

based on the client’s preferred set of antennas from the
appropriate set of antennas, wherein the preferred set of
antennas is selected based on at least one of signal
strength or antenna type;

determine a client packet to schedule based on its tag and

fairness parameter, wherein the appropriate set of
antennas for selection are considered in order of their
channel access parameters, and wherein a different
client is selected by each of the appropriate set of
antennas; and

providing device localization for devices communicating

with the distributed antenna system by applying time-
difference-of-arrival techniques to antenna pairs from
among the appropriate set of antennas at the access
point or the base station.

2. The method of claim 1, responsive to one of the
plurality of antennas at the access point or the base station
obtaining a channel access for a wireless transmission and
further responsive to values of channel access parameters of
other ones of the plurality of antennas at the access point or
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the base station, opportunistically adding one or more of the
other ones of the plurality of antennas to the wireless
transmission.

3. The method of claim 2, wherein each of a plurality of
packets for the wireless transmission is tagged for transfer
using a subset of the preferred set of antennas from among
the appropriate set of antennas.

4. The method of claim 2, wherein each of a plurality of
packets is scheduled for the wireless transmission respon-
sive to a fairness parameter.

5. The method of claim 4, wherein different ones of the
plurality of packets are chosen for the wireless transmission
by different ones of the appropriate set of antennas, respon-
sive to an antenna ordering based on the channel access
parameters.

6. The method of claim 1, further comprising applying the
scaling weight determined for each element in the given row
to an entire one of the plurality of columns of the pre-coding
matrix.

7. The method of claim 1, wherein the pre-coding matrix
is computed using zero-forcing beamforming.

8. The method of claim 1, wherein each of the plurality of
columns of the preceding matrix is initially normalized to
apply equal power to each client data stream.

9. The method of claim 1, wherein the scaling weight is
determined as

1 1

w; =
) o
Avi; Pj

=

where v, is an element in a k-th row from among the
plurality of rows and a j-th column from among the plurality
of columns, A is a common power level required to restore
the per-antenna power constraint and is determined through
optimization, and p; is the signal-to-noise ratio of a j-th
stream.

10. A system, comprising:

an access point (AP) or a base station (BS), wherein the
access point AP or base station BS includes:

a plurality of antennas deployed as a distributed antenna
system, wherein separate channel access parameters are
provisioned for each of the plurality of antennas at the
AP or BS;

a pre-coder for performing power-balanced pre-coding to
determine an appropriate set of antennas and clients to
be activated at the AP or BS, wherein the precoding
comprises:

computing a pre-coding matrix for a wireless transmission
of a plurality of client packets, the precoding matrix
including a plurality of columns and a plurality of rows,

selecting a given row, from among the plurality of rows,
violating a per-antenna power constraint by a largest
amount, and

determining a scaling weight for each element in the
given row using a reverse water-filling technique to
correct the violation; and

apacket tagger for tagging each of a client’s packets in AP
or BS queues based on the client’s preferred set of
antennas from the appropriate set of antennas,
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wherein the preferred set of antennas is selected based on
at least one of signal strength or antenna type,

wherein a client packet to schedule is selected based on its
tag and fairness parameter, and

wherein a different client is selected by each of the
appropriate set of the antennas; and

a device localizer for providing device localization for
devices communicating with the distributed antenna
system by applying time-difference-of arrival-tech-
niques to antenna pairs from among the appropriate set
of antennas,

wherein the appropriate set of antennas are configured for
multi-user wireless transmissions by applying medium
access techniques and the power-balanced pre-coding.

11. The system of claim 10, further comprising an oppor-
tunistic antenna adder for opportunistically adding one or
more of other ones of the plurality of antennas to the
wireless transmission, responsive to one of the plurality of
antennas obtaining a channel access for a wireless transmis-
sion and further responsive to values of channel access
parameters of other ones of the plurality of antennas.

12. The system of claim 11, further comprising the packet
tagger for tagging each of a plurality of packets for the
wireless transmission to indicate transfer using a subset of
the preferred set of antennas from among the appropriate set
of antennas.

13. The system of claim 11, further comprising a packet
scheduler for scheduling each of a plurality of packets for
the wireless transmission responsive to a fairness parameter.

14. The system of claim 13, wherein different ones of the
plurality of packets are chosen for the wireless transmission
by different ones of the appropriate set of antennas, respon-
sive to an antenna ordering based on the channel access
parameters.

15. The system of claim 10, wherein said pre-coder
applies the scaling weight determined for each element in
the given row to an entire one of the plurality of columns of
the pre-coding matrix.

16. The system of claim 10, wherein the pre-coder com-
putes the precoding matrix using zero-forcing beamforming.

17. The method of claim 10, wherein each of the plurality
of columns of the precoding matrix is initially normalized to
apply equal power to each client data stream.

18. The system of claim 10, wherein the scaling weight is
determined as

1 1

wi= [ —
J 2 S
g Py

where v, is an element in a k-th row from among the
plurality of rows and a j-th column from among the plurality
of columns, A is a common power level required to restore
the per-antenna power constraint and is determined through
optimization, and p; is the signal-to-noise ratio of a j-th
stream.



